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Broadband antireflective coatings based on two-dimensional arrays of subwavelength nanopores A broadband thin-film antireflective coating (ARC)-a regular array of nanopores in a dielectric substrate-is studied theoretically and experimentally. Tuning the geometrical parameters of the array allows for strong suppression of reflection. For a fused silica substrate, reflectivity is lower than 1% over a range with a relative bandwidth, 60%-70%, reaching 0.05% in the minimum. The underlying physics is the spatial dispersion in the porous medium which enables phase compensation for the partially reflected waves in a broad band. This allows for more broadband antireflection than any flat homogeneous single-layer ARC can provide. Importantly, the studied ARC is universal for any transparent dielectric substrate. At the moment, antireflective coatings (ARCs) are usually fabricated using single or multilayer homogeneous thin films. They are applicable in a wide spectral range but have a number of limitations.
1-3 A single-layer flat ARC is either narrow-band or introduces losses (if a material with frequency dispersion is used to broaden the antireflection). 1, 4 Practically, most of the currently used single-layer ARCs do not achieve values of transmittance above 99.5%and possess dichroism. Multilayer ARCs are expensive to fabricate and are subject for degradation under thermal stress. Therefore, alternatives to homogeneous thin film ARCs have been developed recently.
Composite thin films with embedded nanoparticles extend the capabilities of single and multilayer homogeneous ARCs by supplying materials with previously unachievable properties. The film's optical properties can be tuned in a wide range by varying the concentration and type of inclusions. 5, 6 Another alternative is represented by works on gradient ARCs-i.e., coatings whose effective refractive index varies from that of air on top to that of the substrate at the bottom. 7, 8 This can be achieved by doping homogeneous films 9, 10 or by texturing the surface of the substrate. 11, 12 In the first case, a gradient of refractive index is realized through inhomogeneous doping of the film (in a direction perpendicular to the film); in the second case, the gradient is created by nanosized protrusions grown or etched on the surface of the film (sometimes called moth-eye structures 11 ). Different metasurface-based approaches were also applied to the antireflection problem. In Refs. 13 and 14, metallic nanoantennas were used to achieve antireflection. However, due to absorption in metal, they are more common in light trapping applications 15 rather than ARC. Dielectric structures, e.g., silicon nanodisk arrays 16 or self-organized layers of dielectric spheres, [17] [18] [19] also find their application as ARC. More complex ideas include minimizing the reflection on the 2D-photonic crystal interface 20 or self-collimating photonic crystals. 21 In this letter, we explore another alternative to flat ARCs-a textured thin film with unusual frequency dispersion of the phase of the reflected wave. This dispersion makes the effective optical thickness of the ARC dependent on the wavelength so that the phase shift between the waves reflected from the "vacuum-film" and "film-substrate" interfaces is maintained nearly constant in a certain spectral range. Effectively homogeneous media with such anomalous dispersion must be lossy according to the Kramers-Kronig relations. 4 However, these relations lose their validity for effective non-homogeneous media with spatial dispersion. In this case, electromagnetic interaction of the constituents enables the required frequency dispersion without optical losses. However, engineering a material with such anomalous dispersion is difficult.
A possible implementation of an ARC utilizing spatial dispersion of its refractive index was introduced in Ref. 22 , and in this letter, we present the experimental proof of the effect for a film textured by a regular array of cylindrical submicron pores.
Let us consider the system depicted on Fig. 1 . The reflectance of such a structure can be found using the imaginary boundary method developed in Refs. 22 and 23. This method substitutes a 2D array of small inclusions with an array of point dipoles with quasi-static polarizability a p submerged to a depth D inside the substrate. 22 As a result, there are two boundaries in the structure: one real (substrate-free space) and one-imaginary. Mathematically, the method is expressed by an Airy-like formula for the tensor reflection coefficientr. 4, 22 The details of the method are described in Refs. 22 and 23. In the present case, the substrate is isotropic, the inclusions are cylindrical pores, and the grid is square. Moreover, we study only normal incidence. In this case, the reflection from the structure is canceled if and only if 22, 23 jRj ¼ jR l j; expð2in m ðk 0 DÞ þ iq l Þ ¼ À1:
Here, jR l j is the reflection coefficient of the imaginary boundary, q l is its phase, and jRj-the reflection coefficient of the "substrate-free space" boundary. Then, the amplitude and phase of the reflection coefficient R l can be written as 22, 23 jR l j ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1
where following notations are introduced:
Here, a p is the quasi-static polarizability of a single inclusion and G(1/k 0 ) is a second-degree polynomial.
The reflection suppression in a broad band becomes possible when the changes of q l compensate the changes of the phase shift 2n m (k 0 D) with the variation of wavelength. As follows from (3), an approximate compensation of the phase shift 2n m (k 0 D) is possible when n < n m , which implies the negative polarizability of an inclusion (meaning, a p < 0). 22, 23 Therefore, a suitable design is pores with n ¼ 1.
The replacement of the inclusions (surface pores in the present work or embedded voids in Refs. 22 and 23) by point dipoles is similar to methods typical for the theory of metasurfaces (e.g., in Refs. 24 and 25). However, the concept of metasurfaces implies the homogenization of the structure. In our case, the structure is spatially dispersive because the array of small submicron pores is intentionally engineered sufficiently sparse. The spatial dispersion (i.e., nonlocality) is induced by retardation in dipole-dipole electromagnetic interaction, which enables the effect of phase compensation, see Ref. 22 . Therefore, the imaginary boundary method which does not appeal to the homogenization of the array is more suitable.
In this work, the nano-patterned structures were designed and fabricated in a layer of polymethyl-methacrylate (PMMA) by electron beam lithography on a fused silica substrate. A 170 nm layer of PMMA was spun onto a substrate. To facilitate charge draining, a 10 nm layer of gold was deposited on top of the PMMA. After electron beam exposure process and before resist development, the gold layer was removed with a solution of KI. Since the refractive index of PMMA is very close to that of fused silica, the structure can be considered as an array of submicron pores formed directly in the fused silica substrate. The numerical calculations for the case of cylindrical pores were done using measured refractive indexes of fused silica and PMMA. 26 The resulting samples were 20 Â 20 lm 2 square arrays of submicron pores with periods of 250, 300, and 200 nm (samples #1, #2, and #3, respectively) with fill-factor (i.e., ratio between volume of the pore and volume of the unit cell) ranged from 40% to 80%. The topography of the resulting nanostructured ARC including the thickness of the PMMA layer was characterized by atomic force microscopy (AFM). Typical AFM images are shown in Figs. 2(a) and 2(b). Pore depths measured by AFM are equal to 120 nm and 135 nm for samples #1 and #2, respectively. The lateral dimensions of the pores are slightly distorted due to the shape of the AFM cantilever tip which reduces the slope angle and resolution. 27 The actual thickness of the nanopore arrays is lower than the thickness of the PMMA layer because of parasitic exposure and development of the PMMA around the pores due to proximity effect. Typical cross-sections of the pores in samples #1 and #2 are shown in Figs. 2(c) and 2(d), respectively.
The optical spectroscopy experimental setup is depicted in Fig. 3 . Reflection spectra were obtained using confocal microspectroscopy 28 in the visible range (400-760 nm). To avoid parasitic reflection from the back face of the substrate, the bottom interface was immersed in an index matching liquid. The reference reflection was obtained using an aluminium mirror with a known reflection spectrum.
The main challenge in measuring the close-to-zero reflection spectra is accurate normalization to obtain a reliable absolute value of reflectivity. The achieved absolute error did not exceed 0.1% reflectivity, ensuring the reliability of the experimental spectra. The accuracy of the experiment was additionally verified by comparing the theoretical and experimental reflectivities of the fused silica substrate (see Fig. 4 ). The discrepancy between the theoretical and experimental values is of the same order as the discrepancy of different theoretical models of the reflection from a multilayer structure (we used the finite-difference time-domain method (FDTD, Lumerical) 29 and the Transfer Matrix Method 4 ). Since we immersed the back face of the sample, our simulations were carried out in the approximation of a semi-infinite substrate.
The theoretical and experimental reflection spectra of virgin fused silica (top curve) and the samples (bottom curves) are shown in Fig. 4 . Reflection from the samples is almost completely suppressed at the central wavelength and is lower than 1% in a wide band (which for sample #2 is designed to cover the visible range). For sample #1, the reflection in the 400-600 nm spectral range is reduced to nearly 0.5%. The comparison of data for two samples illustrates the impact of geometrical parameters of the array on the position of the reflection minimum, whereas the relative bandwidth is virtually constant. The discrepancy between the experimental and simulated spectra for sample #2 at wavelengths shorter than 460 nm can be explained by the contribution of diffraction on the array (which has a period of 300 nm). The red edge of the diffraction band is shown by a vertical line. For sample #1, this edge is below 400 nm.
In Fig. 4 , we also show the reflection spectrum for a quarter-wave antireflection coating (black line) designed so as to suppress the reflection at the same wavelength as sample #1 does. The frequency dependence of the reflectivity granted by the k/4 ARC is nearly the same as that offered by our ARC. The k/4 layer has an optical thickness of D ¼ k 0 /4n ARC % 94.14 nm at k 0 ¼ 470 nm and a matched refractive index n ARC ¼ 1.244, which nearly satisfies the second condition of antireflection (n ARC ¼ ffiffiffiffiffi ffi n m p ). 4 The material of the k/4-ARC is an abstract medium, whose refractive index n ¼ 1.244 would be difficult to synthesize with needed precision. Therefore, our ARC mimics an idealized single-layer ARC and any single-layer ARC of available materials will provide worse antireflection.
However, our ARC should theoretically work even better than any k/4-coating due to the broadband phase compensation. 22 According to formulas (2 and 3), in order to achieve the phase compensation in a broad band, one needs a high absolute value for the parameter j ¼ d 3 =a p ¼ Àd 3 =ja p j. To decrease a p or to increase d implies decreasing of the fillfactor of the nanopores. In this case, the reflectance jR l j from the imaginary boundary decreases and becomes smaller than jRj, the reflectance of the pure substrate, which leads to higher values of reflection minimum. So, it is difficult to combine both phase and amplitude conditions for the complete reflection suppression in wide band and one needs to accurately tune the geometrical parameters of the nanopores. Figure 5 shows reflection spectra for sample #3: FDTD model, experiment, and a matching k/4-ARC having the same minimal reflectivity at the same wavelength (600 nm). In this case, our ARC is more broadband than the k/4-ARC, but the reflection minimum value is about 0.9%. This is because of high values of j and effective phase compensation as was shown before.
Phase compensation and the spectral interval of antireflection can be further increased by optimization of the pore shape. In Figure 5 , we also show the reflection spectrum offered by FDTD simulations for an optimized shape and compare this curve with the reflectivity of a single-layer ARC with minimal reflectance at the same wavelength (shown green). Here, the contrast in the operation bandwidth in favor of our ARC is more expressed. We can therefore conclude that a more elaborate comparison of our ARC with single-layer ARCs can show the advantages of our structure, namely, in the broader operation band.
Another advantage of the proposed ARC is its universality. Reference 30 shows, for the case of spherical voids, that reflection spectra qualitatively similar to those shown in Figs. 4 and 5 are possible for any transparent dielectric. This is because the variation of the parameters of pores and their arrangement significantly changes the optical properties of the ARC, making it adjustable for various substrates.
To conclude, we have proved the viability of submicron pore arrays as very efficient and broadband ARCs through both theoretical and experimental studies. Our ARC works better than any single layer homogeneous ARC and has two advantages: it can be fabricated directly in the substrate and is more broadband. The mechanism of broadband antireflection is phase compensation caused by spatial dispersion rather than a gradient of refractive index. This work has been partially supported by Government of the Russian Federation (Grant No. 074-U01), the support of the Ministry of Education and Science of the Russian Federation (GOSZADANIE 2014/190, Project No. 14.Z50.31.0015), and the Russian Foundation for Basic Research (Grant Nos. 14-08-31730 mol-a and 14-02-31765 mol-a).
